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ABSTRACT
Proteresis, a complementary e ect to well-known hysteresis, is an interesting phenomenon to be ex-
plored. As we know, the hysteric device is a bistable switch whose states depend on the system’s
history whereas the proteretic device states’ depend on the future. Though an all-optical implemen-
tation of the hysteric device has been demonstrated but its complementary behavior has yet to be
contrived. Therefore, this work presents the design and development of an all-optical proteretic sys-
tem using semiconductor ring lasers. The design was achieved by providing a constraint feedforward
path to a hysteric feedback system. Additionally, the role of various parameters was studied in order to
achieve proteresis. It is observed that the proteretic e ect can be achieved only for specific conditions
otherwise the system behaves as a traditional hysteric device. The experimental results match well
with the theoretical Simulink results.
1. Introduction
Proteresis is a phenomenon that behaves as reversed hys-
teresis. Unlike hysteresis in which there is a delay between
two switching thresholds, in proteresis, there is an advance-
ment between the two thresholds. InGreek, hysteresismeans
which comes after, while proteresis, meanswhich comes ear-
lier [1][2][3]. A proteretic device is expected to speed up the
system without losing the benefit of noise immunity.
Analogous to hysteresis, proteresis also is an organic phe-
nomenon observed in materials such as Co:CoO core-shell
nanoclusters [4], Cr2O3 coated CrO2 particles [5], and bar-ium stannate titanate ceramics [6]. Drugs, for instance, lo-
razepam, alprazolam, diazepam [7], nicotine [8], torasemide
[9], and alprazolam [10] have also shown the similar e ect.
This behaviour has also been perceived in natural processes
namely single hydrologic events in rivers [11], phosphorus
discharge during storm events [12] [13], solute discharge re-
lationship in rivers during storms [14]. Much of a much-
ness category of systems were earlier used in software for
scheduling controller tasks purpose [15]. Nevertheless, the
modeling and implementation of this e ect has yet to be ex-
plored besides a transition accelerator circuit presented ear-
lier [16]. Recently this work attracted several groups glob-
ally, as a result an implementation of proteretic behaviour
has been proposed as an optical proteretic bistable device
[17] [18]. Lately, a CMOS implementation of a proteretic
bistable device was also presented [19].
All-optical devices on the other hand, is gaining lots of
interest due to its speed upsurge when compared to its elec-
tronics counterparts. As a result, various groups globally
have been proposing all-optical devices in diverse domains
viz. all-optical phase and amplitude regenerator [20], all-
optical neural network [21], all-optical neurosynaptic net-
works [22] etc. With the miniaturization of semiconductor
ring lasers, recently many groups have been proposing all
optical devices using semiconductor ring lasers (SRLs). For
example, an all optical ultrafast random number generation
ORCID(s):
at 1 Tb/s was proposed using a SRL [23], optical micror-
ing resonator based JK flip-flop [24], and an all-optical delta
sigma modulator [25] [26] has been designed in the past.
In this paper, we propose a proteretic system implemented
using SRLs which has been achieved by a feed-forward feed-
backed system. The system was developed using two hys-
teric devices and an inverter. A total of five SRLs were
wielded, two for hysteric device each and one for the inverter.
The rest of the paper is organized as follows: Section
2 contains the design and operation of the proposed sys-
tem. Section 3 discusses the e ect of various parameters
on the operation of proteresis device. Section 4 presents the
semiconductor ring laser implementation of proteretic sys-
tem and Section 5 talks about experimental design and re-
sults thereof.
2. Design and Operation
Proteresis behavior was achieved using two bistable de-
vices and a feed-forward loop. The block diagram of pro-
teretic device using bistable hysteric devices represented by
their transfer functions is shown in Fig. 1. It can also be
seen that the first stage hysteric device is inverted and in-
put is feed-forwarded to the second stage. Although Fig. 1
is for non-inverting proteretic device, it can be modified to
the inverting device. This can be achieved by replacing the
second stage Schmitt trigger with that of an inverting one.
These two hysteric devices were implemented using Schmitt
triggers terming them as ST-1 and ST-2.
The transfer functions of both the hysteric devices are
shown in Figure 2. Let us understand the conditions un-
der which the system behaves as proteretic device. The two
threshold values of inverting bi-stable device i.e. ST-1 are
denoted as a and b. The amplitude of the output of ST-1
is denoted as c. Also, it can be seen that the thresholds of
non-inverting bi-stable device, ST-2, were stowed as a ® and
b ®.
It has been observed that the system behaves as proteresis
only if certain following conditions has been achieved:
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Figure 1: A proteretic device using two hysteric bi-stable de-
vices
Figure 2: Transfer function of inverting and non-inverting
Schmitt triggers viz. ST-1 and ST-2
1. The lower threshold value of the second hysteric block
(a ®) should lie between the two threshold values of the
first block (a & b). Equation 1 defines the condition
for lower threshold value of ST-2 in relation with the
threshold values.
a < a ® < b (1)
2. The second block’s upper threshold value (b ®) should
lie between the sum of output high of the first block (c)
& it’s lower threshold value (a) and sum of the output
high of first block (c) & it’s upper threshold value (b).
Equation 2 defines the condition for upper threshold
value of ST-2 in relation with the threshold values and
amplitude of ST-1.
c + a < b ® < c + b (2)
3. The hysteric loop width of second block should be less
than the output amplitude of the first block (c). Equa-
tion 3 defines the condition on output strength of ST-1.
b ® - a ® < c (3)
The block diagram of proteretic device of Fig. 1 has been
implemented in Simulink Matlab which is shown in Fig. 3.
The upper and lower thresholds of ST-1 has been set at
a = 0.2 and b = 0.8 normalized values whereas that of ST-2
were kept at a ® = 0.4 and b ® = 0.6. The output value of ST-
1 was assigned c = 0.3. It can be observed that these values
satisfy the conditions mentioned in equations 1-3.
As expected proteresis was achieved with rising edge ar-
riving before the falling edge which can be observed in Fig-
ure 4. Results from the Simulink model can be seen in Fig.
Figure 3: A proteretic device using two bi-stable devices
(a) Time domain input and output
(b) Transfer function
Figure 4: Time domain input and output and transfer function
of proteretic device simulated on Simulink Matlab
4, shows that red color is rising edge and blue color falling
edge.
3. E ect of various parameters on operation
of proposed system
It would be entrancing to see the e ect of each parame-
ter on operation of proposed system. This study would then
help the designers to reach optimum values depending on
application in which it is used. For example:
1. E ect of varying the amplitude of output of ST-1 i.e.
c while keeping the thresholds of ST-1 and ST-2 con-
stant.
2. E ect of varying the threshold values of ST-1 i.e. a
and b while keeping the amplitude of its output and
ST-2 threshold values constant.
3. E ect of varying the threshold values of ST-2 i.e. a ®
and b ® while keeping the amplitude of ST-1 output
and ST-2 threshold values constant.
3.1. E ect on proteresis transfer function loop
These e ects can be understood by observing the width
of loop of the transfer function of the bistable device defined
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(a) E ect of varying ST-1 output i.e. c
(b) E ect of varying lower threshold of ST-1
i.e. a
(c) E ect of varying the upper threshold of ST-
1 i.e. b
(d) E ect of varying the lower threshold of ST-
2 i.e. a ®
(e) E ect of varying the upper threshold of ST-
2 i.e. b ®
Figure 5: Effect of varying various parameters on the width
of loop of the bi-stable device
as the di erence between rising and falling edge threshold
values respectively. Therefore, if the width value is posi-
tive width, it can be understand that the system is hysteric
in nature; and in case it is negative then the loop represents
transfer function of a proteretic device. Results of the above
study are shown in Figure 5.
From Fig. 5, it can be seen that the bistable loop can
be controlled and a larger proteretic loop can be achieved as
follows:
1. The value of amplitude of the output of ST-1, c, should
be kept closer to the value of upper threshold of ST-2,
b ®.
2. The hysteresis loop of the ST-2 should be as minimum
(thin) as possible, a ® ˘ b ®. This can also be under-
stood from the analytical understanding, the width of
proteresis loop = c - (b ® - a ®), hence the maximum
width can be achieved if a ® = b ®.
3.2. E ect on threshold values
In order to have more control on the system, e ect of
various parameters on rising and falling edge thresholds of
proteretic output was studied. Let x and y be the rising and
falling thresholds, respectively. The e ect of the five param-
eters mentioned earlier on x and y are shown in Fig. 6.
Following observations were made:
1. From Fig. 6 (a) and (b), it can be seen that the rising
edge threshold of the system decreases linearly with
increase in c whereas the falling edge remains con-
stant.
2. From Fig. 6 (c) and (d), the falling edge threshold of
bi-stable device switches abruptly with increase in a.
The rising edge is constant.
3. Both rising and falling edge thresholds change abruptly
with increase in b as shown in Fig. 6 (e) and (f).
4. As seen in Fig. 6 (g) and (h), the falling edge threshold
of bi-stable system increases linearly with increase in
a ® and the rising edge is constant.
5. As can be observed from Fig. 6 (i) and (j), the rising
edge threshold of bi-stable device increases linearly
with increase in b ® whereas the falling edge being
constant.
4. Implementation of proteresis design using
semiconductor ring lasers
Semiconductor ring lasers have been used to implement
the proposed design of the proteretic device. As seen from
the block diagram, it requires two hysteric devices and an
inverter as one of the hysteric device is inverted. These bi-
stable hysteric devices can be executed with Schmitt trig-
gers. Two SRLs namely A and B were used to achieve hys-
teresis e ect all-optically, the design of which is shown in
Fig. 7. The transfer function can be seen in Fig. 8 where a
being the lower threshold and b being the upper threshold.
The output of the Schmitt trigger was then connected to
inverter in order to achieve inverted bi-stable device which
was named as ST-1. The inverting action was achieved using
a single ring laser E as a result, ST-1 was constructed using
a total of three SRLs. Its design is shown in Fig. 9; and its
transfer function is shown in Fig. 10. It can be seen that the
value of output was assigned as c and the threshold values
as a and b.
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(a) E ect of varying the ST-1 out-
put amplitude i.e. c
(b) E ect of varying the ST-1 out-
put amplitude i.e. c
(c) E ect of varying the lower
threshold value of ST-1 i.e. a
(d) E ect of varying the lower
threshold value of ST-1 i.e. a
(e) E ect of varying the upper
threshold value of ST-1 i.e. b
(f) E ect of varying the upper
threshold value of ST-1 i.e. b
(g) E ect of varying the lower
threshold value of ST-2 i.e. a ®
(h) E ect of varying the lower
threshold value of ST-2 i.e. a ®
(i) E ect of varying the upper
threshold value of ST-2 i.e. b ®
(j) E ect of varying the upper
threshold value of ST-2 i.e. b ®
Figure 6: Effect of varying various parameters on rising and
falling edge threshold values x and y
Figure 7: Schmitt trigger using SRLs
The second Schmitt trigger (ST-2) with a ® and b ® as
lower and upper thresholds, respectively was designed simi-
lar to that depicted in Figure 7. The SRLs used for this were
labeled as C and D.
Therefore, an inverting bi-stable device (ST-1) has been
achieved using three ring lasers; and a non-inverting bi-stable
Figure 8: Transfer function of Schmitt trigger
Figure 9: Inverted Schmitt trigger
Figure 10: Transfer function of inverted Schmitt trigger
device (ST-2) has been achieved using two ring lasers. The
next step is to have control on their threshold values and the
amplitude of inverter’s output in such a way that the neces-
sary conditions mentioned in equations (1)-(3) are satisfied.
The idea is to pre-condition ST-2 with the output of ST-1 in
order to achieve proteresis. The control on amplitude and
threshold values can be achieved with the help of injection
currents of ring lasers [2].
As mentioned earlier the width of first hysteric device
should be as wide as possible. Hence, in order to increase
the width of proteresis loop, following techniques can be ap-
plied:
1. The amplitude of the output of ST-1 i.e. c should be
kept approximately equal to the value of upper thresh-
old of ST-2, b ®.
2. The hysteresis loop of the ST-2 should be as minimum
(thin) as possible, a ® ˘ b ®.
After analysis of the system, it can be deduced that the
width of final proteresis loop is equal to c - (b ® - a ®), hence
the maximum width of the proteresis is equal to the ampli-
tude of output of ST-1 which is achieved at a ® = b ®.
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Figure 11: Design of proteretic device using five SRLs
Figure 12: Transfer function of proteretic device
After achieving above conditions, the two hysteric de-
vices are connected as shown in the Figure 11. Proteresis
has been achieved and; the transfer function of the same can
be observed in Figure 12. The new threshold values x and y
can now be evaluated as x = b ® - c and y = a ®.
5. Experimental Results
The experimental results of the all-optical proteretic de-
vice is shown in Fig. 13. The SOA currents of each ring
are mentioned below: IB = 179 mA; IX = 185.9 mA; IA =45.7 mA; IC = 271 mA; IY = 174.5 mA; and IE = 101.4mA. A 10 dBm, 1559.91 nm laser is modulated using EOM
(electro-optic modulator) with 100 Hz signal.
First Schmitt trigger was implemented employing SRLs
B and X as master and slave lasers, respectively; and the
second Schmitt trigger was implemented using rings Y and
C as master and slave lasers, respectively. SRL A was used
as inverter which inverts the output of first Schmitt trigger;
and ring laser E was used to control the gain of input given
to ST-2.
5.1. Estimating range of SOA currents for which
the system displays proteresis
In order to estimate the range of permissible SOA cur-
rents which e ects the threshold values of ST-1, ST-2 and
inverter, a study has been done by varying following param-
eters:
1. Varying the injection current of SOA of SRL A which
is similar to changing the amplitude of output of ST-1.
It is important to note here that increasing the injection
current of SOA in ring laser A decreases the amplitude
of ST-1.
2. Varying the injection current of SOA of SRL X which
is similar to changing the threshold values of ST-1.
(a) Time domain Signal
(b) Transfer function
Figure 13: Experimental results of proteretic device
It is important to note here that increasing the injec-
tion current of SOA in ring laser X increases the lower
threshold value of ST-1.
3. Varying the injection current of SOA of SRL Y which
is similar to changing the threshold values of ST-2.
It is important to note here that increasing the injec-
tion current of SOA in ring laser Y increases the upper
threshold value of ST-2.
The ring laser currents are as follows: IB = 203 mA; IX= 148.1 mA; IA = 49.6 mA; IC = 321 mA; IY = 169.2 mA;and IE = 100.2 mA.The results obtained thereafter are shown in Fig. 14 and
following observations were made:
1. Figure 14 (a) shows the e ect of varying SOA current
of ring laser A, i.e., output of ST-1 given to ST-2. The
current is varied from IA = 48.9 mA to IA = 50 mA.It is observed that proteresis can be achieved in only
specific range of currents. It can be seen that protere-
sis lasts until current value is IA = 49.6 mA; and at IA= 50 mA, the loop changes to hysteresis. It can also
be seen that the rise time is not changing much and the
falling edge moves from right-side to left-side of the
rise time shifting from proteresis to hysteresis. As the
current increases from IA = 48.9 mA, the loop getsnarrower and finally at IA = 50 mA shifts to hystere-sis.
2. Figure 14 (b) shows the e ect of varying SOA current
of ring laser X, i.e., threshold values of ST-1. The val-
ues range from IX = 147.9 to IX = 148.4 mA. Pro-teresis was achieved at IX = 147.9; and the proteresis
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(a) Varying injection current of SRL A, i.e. output of ST-1
(b) Varying injection current of SRL X, i.e. threshold values of ST-1
(c) Varying injection current of SRL Y, i.e. threshold values of ST-2
Figure 14: Effect of injection current on proteretic loop width
loop changes to hysteresis loop at IX = 148.4 mA.The loop takes multiple stable values if the current is
reduced below IX = 147.9 mA.
3. Figure 14 (c) shows the e ect of varying SOA current
of ring laser Y, i.e., threshold values of ST-2. The val-
ues range from IY = 169.2 mA to IY = 170.9 mA.Proteresis was achieved at IY = 169.2; and at IY =170.4 mA the proteresis loop changes to hysteresis
loop. If the current is increased further to IY = 170.9mA, the width of hysteresis loop increases. The loop
takes multiple stable values if the current is reduced
below IY = 169.2 mA.
It can be deduced that the proteresis behavior is achieved,
where the three conditions mentioned earlier in this report
for proteresis are satisfied in a set of very confined values of
SOA currents of ring lasers.
The e ect of varying injection currents given to SOAs
of ring lasers A, X and Y has been studied by plotting the
width of bi-stable loop, i.e. the di erence between upper and
(a) Varying injection current of SRL A, i.e. output of ST-1
(b) Varying injection current of SRL X, i.e. threshold values of ST-1
(c) Varying injection current of SRL Y, i.e. threshold values of ST-2
Figure 15: Effect of injection current on proteretic loop width
lower thresholds. Basically Fig. 14 is re-plotted showing
the width of the loop vs. SOA currents. We hereby refer in
Fig. 15, hysteretic loop width as "positive width" and that of
proteretic loop as "negative width".
Following observations were made:
1. The experimental result shown in Fig. 15 (a) is in
agreement with the Simulink result shown in Fig. 5
(a), i.e. as the amplitude of ST-1 output decreases (by
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increasing the SOA current of ring laser A), the be-
havior of bi-stable device changes from proteretic to
hysteretic.
2. Similarly result shown in Fig. 15 (b) is in agreement
with the Simulink result shown in Fig. 5 (b), i.e. as the
lower threshold value of ST-1 increases (by increasing
the SOA current of ring laser X), the behavior of bi-
stable device changes from proteretic to hysteretic.
3. Result shown in Fig. 15 (c) is in agreement with the
Simulink result shown in Fig. 5 (e), i.e. as the upper
threshold value of ST-2 increases (by increasing the
SOA current of ring laser Y), the behavior of bi-stable
device changes from proteretic to hysteretic.
6. Conclusion
Semiconductor ring lasers were utilized to design and
implement an all-optical proteretic system. A total of five
SRLs were required, two for hysteric devices each, and one
for the inverter. The e ect of various parameters on its oper-
ation has been studied and presented. Proteresis is achieved
within certain range of threshold conditions of hysteric de-
vices used. This proteretic device can certainly increase the
speed of any oscillating or modulating systems.
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